ABSTRACT Hen age and nutrition influence chick innate immunity. The immunomodulatory antioxidant carotenoid canthaxanthin is transferred from the hen diet to the egg. Antioxidants could protect the chick from bactericidal oxidative species produced by the immune system. Broiler breeder hen diets were supplemented with 0 (Control), 6 (Low), or 12 (High) mg/kg canthaxanthin. Chick early growth and ex vivo innate immunity were measured at 31 to 33 (Early), 45 to 47 (Mid), and 57 to 59 (Late) wk of hen age. Escherichia coli (E. coli) bactericidal capacity, phagocyte activation (number of phagocytes containing at least one E. coli), phagocytic capacity (number of phagocytes containing one or more E. coli), and oxidative burst at 1 and 4 d of age were determined. Egg and chick liver canthaxanthin and chick plasma total antioxidant capacity were measured. Differences were considered significant at P ≤ 0.05. Breeder productivity was greatest for the Low hens; diet did not affect egg yolk, albumen, or shell proportions. Egg canthaxanthin increased with maternal supplementation and plateaued after 28 days, but was not affected by hen age. Chick liver canthaxanthin increased with maternal supplementation, but decreased as hens aged. Hen diet did not affect broiler chick performance to 21 days of age. Maternal canthaxanthin at 6 mg/kg increased chick E. coli bactericidal capacity and d 1 oxidative burst; phagocytosis was unaffected. E. coli bactericidal capacity decreased as hens aged, but increased from 1 to 4 d, indicating maturation of chick innate immunity. Plasma total antioxidant capacity at d 1 increased with maternal canthaxanthin in chicks from Mid and Late hens. Canthaxanthin possesses immuno-modulatory and antioxidant properties, and hen age affected chick innate immune development. Single-comb White Leghorn hens were fed the same levels of canthaxanthin to determine the rate of incorporation into eggs. Egg canthaxanthin reached a plateau after 7 d. Canthaxanthin in the hen diet at 6 mg/kg resulted in the greatest positive effect on hen performance, with little effect on the chick.
INTRODUCTION
Carotenoids are a diverse group of fat-soluble pigments that influence antioxidant status and immunity. In rats, dietary β-carotene (0.2%) and canthaxanthin (CXN; 0.2%) each increased the activity of rat B and T lymphocytes in response to phytohaemagglutinin, concavalin A, and lipopolysaccharide (LPS; Bendich and Shapiro, 1986) . Additionally, changes in BW, plasma haptoglobin, and spleen and bursa weights induced by Salmonella typhimurium LPS challenge were minimized when chicks were fed 40 mg lutein/kg feed . Maternal and direct supplementation of CXN to chicks resulted in the incorporation of CXN into im-C 2016 Poultry Science Association Inc. Received November 27, 2015. Accepted July 18, 2016. 1 Current Address: Clearbrook Grain & Milling, 2425 Townline Rd, Abbotsford, BC V2T6L6, Canada.
2 Corresponding author: doug.korver@ualberta.ca mune tissues including plasma, thymus, bursa, and liver (Koutsos et al., 2003) . Studies investigating the effect of carotenoid pigments on immune function indices in chicks are few, and most focus on the effects beyond the first week of life (Haq et al., 1995; Haq et al., 1996; Selveraj et al., 2006; Koutsos et al., 2006 ). An activated innate immune response diverts nutrients away from anabolism towards catabolism (Moraes et al., 2016) . In a multi-year survey of the Dutch broiler industry, first week mortality was 1.82% from 25-wk-old breeders, 1.02% for breeders between 38 and 44 wk, and 1.20% for 60-wk-old breeders (Yassin et al., 2009 ). The upward trend in mortality for chicks from older breeder hens could be due to poor healing of navels and subsequent yolk-sac infections (Yassin et al., 2009) , as well as earlier hatch times leading to a risk of dehydration in the hatcher (Suarez et al., 1997) . The higher rate of early mortality in chicks from the youngest hens may indicate a less developed immune response than chicks from younger hens which could contribute to decreased livability during the first week.
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Immediately post-hatch, the chick's immune system is immature (Bar-Shira et al., 2003; Crhanova et al., 2011) . For example, gut-associated acquired immune function requires two weeks to fully develop in chicks (Bar-Shira et al., 2003) , but many changes occur as early as four days of age. During the first four days of life antimicrobial peptides are the predominant form of protection in the chick's gastrointestinal tract, but thereafter there is increased production of pro-inflammatory cytokines and a transition to a cellmediated response (Crhanova et al., 2011) reflecting maturation of the chick's innate immune response.
The objectives of this research were 3-fold: To determine the effect of maternal CXN supplementation on indices of chick early innate immune function; to determine the effect of hen age on chick early innate immune response; and to determine how indices of innate immune response change with chick and hen age. It was hypothesized that chicks from hens supplemented with CXN would have a more robust innate immune response than chicks from non-supplemented hens and further that a higher level of CXN supplementation would increase the robustness of the innate immune response in chicks. Second, chicks from older hens would have a more robust innate immune response than chicks from younger hens; and third, that the innate immune response of chicks would increase as chicks aged. To assess the rate of incorporation of dietary CXN into eggs, Single-comb White Leghorn hens were fed the same levels of CXN. Egg levels of CXN were measured over a 40-day period to model the rate of incorporation in hatching eggs.
MATERIALS AND METHODS

Experiment 1
General Procedures All experimental procedures were approved by the University of Alberta Animal Care and Use Committee in accordance with the Canadian Council of Animal Care (2009) guide. Ross 308 broiler breeder hens were raised in floor pens from the day of hatch, and managed to maintain growth curves as recommended by Ross 308 Breeder Performance Objectives (Aviagen, 2007) until 21 weeks of age, at which point they were transferred to individual cages (48 × 42 × 45 cm with sloped floors). Photostimulation and dietary treatments (n = 45 hens per treatment) were initiated at 22 weeks of age. They were fed a standard commercial-type broiler breeder basal diet supplemented with either 0 (Control), 6 (Low), or 12 (High) mg of CXN per kg of diet (Carophyll Red, DSM Nutritional Products, Parsippany, NJ; Table 1 3 Trace mineral premix supplied the following per kg of feed: Cu, 10 mg; Mn, 60 mg; Zn, 50 mg. 4 Danisco Animal Nutrition, Marlborough, UK. 5 Vitamin/Mineral premix supplied the following per kg of feed: Vitamin A, 12,500 IU; Vitamin D 3, 3,124 IU, Vitamin K, 2.5 mg; niacin, 37.5 mg; D-pantothenic acid, 12.5 mg; riboflavin, 7.5 mg; pyridoxine, 5 mg; thiamine, 2.55 mg; folic acid, 0.9 mg; biotin, 0.15 mg; Vitamin B 12, 0.019 mg; choline, 2.7 mg; iron, 0.0 mg; zinc, 100 mg; manganese, 87 mg; copper, 15 mg; iodine, 1.665 mg; selenium, 0.3 mg. 6 Canthaxanthin was supplemented as Carophyll-Red (DSM Nutritional Products, Parsippany, NJ) at levels of 0, 6 or 12 mg CXN per kg diet.
Analyzed levels of canthaxanthin were 0, 7.62, and 15.84 mg CXN per kg diet for each respective diet.
Broiler Breeder Performance and Egg Analyses
Individual BW were determined weekly and averaged within treatment. Feed allocation within a treatment was determined based on the Ross 308 management guide to follow the recommended body weight curve (Aviagen, 2007) . Egg production was recorded daily, production was calculated for Early (23 to 33 wk); Mid (34 to 47 wk); and Late (48 to 61 wk) production periods. At three hen ages (Early, 31 to 33; Mid, 45 to 47; and Late, 57 to 59 wk of age), each hen was artificially inseminated with 0.5 mL of pooled semen from 60 Ross 308 roosters housed in the same environment and fed the Control diet. The hens were inseminated starting three weeks prior to the first egg collection. Insemination was then performed weekly until the final week of the last egg collection within each hen age category. The settable eggs (eggs which had a single yolk and were not misshapen or cracked) were stored for up to 7 days between 16 to 18
• C and 70 to 80% relative humidity (RH). The settable eggs were placed in an incubator at weekly intervals at 37.5 • C and 56% RH. Fertility as a percent of settable eggs placed and the % hatch of fertile were determined within a treatment for each egg placement. Chick yield was estimated by multiplying total egg production within a period by the % hatchability determined for the final 3 weeks of each production phase. The chicks were weighed and feather-sexed at hatch. Ten eggs per treatment at each egg placement were sampled to determine whole egg, yolk, and albumen weights. Wet shell weight was determined by subtracting the yolk and albumen weights from the whole egg weight. Yolk samples were separated and stored at −20
• C until analysis for CXN content by HPLC; canthaxanthin concentration was reported on a whole egg basis. Plasma was collected from 15 hens per treatment at each hen age and stored at −20
• C for subsequent total antioxidant capacity determination.
Chick Characteristics After hatching, 24 male chicks per maternal treatment from the first hatch within each breeder age were placed in Petersime battery brooders for determination of innate immune function. At each of one and four days of age, 12 chicks from each maternal treatment were weighed and bled via decapitation. The whole blood from 8 chicks/maternal treatment was used for the innate immune function assays. These procedures were repeated for the second hatch of each hen age, and the data from the two hatches were pooled.
Fifty chicks per maternal treatment from the third hatch at each hen age were feather-sexed; male chicks were separated by maternal treatment and placed in Specht cages for a 3-week grow-out trial. Ten female chicks per maternal treatment were weighed, bled, and dissected for liver collection at each of 0, 7, 14, and 21 days of age. The blood was centrifuged at 1,000 x g at 4
• C for 10 minutes and plasma collected for total antioxidant capacity analysis. Livers were stored at −20
• C until analysis of liver CXN content by HPLC. Innate Immune Function Indices Whole blood collected from the chicks by decapitation was used to determine Escherichia coli bactericidal capacity (EBC; Millet et al., 2007) , phagocytosis as the number of cells containing at least one E. coli (phagocyte activation) and the average number of E. coli/cell (phagocytic capacity) as described by Millet et al. (2007) and modified by Saunders-Blades and Korver (2015) , and oxidative burst (OB; Saunders-Blades and Korver, 2015) ex vivo.
Egg, Liver and Feed Content of Canthaxanthin Egg, liver and feed CXN were determined by weighing 0.5 g of sample of egg or liver or 1 g of feed into a 13 mm x 100 mm screw-top test tube. To the sample, 1 mL of HPLC-grade water, 2.5 mL of 10% butylated hydroxytoluene in ethanol (w/v), and 1 mL of ethanol (to reflect amount of ethanol in the standard) were added. The contents were mixed on a vortex for 1 minute. Two mL of 2.5% NaCl (w/v) were added and the contents again mixed for 1 minute. Finally, 2 mL of dichloromethane were added to extract the CXN. The tubes were again mixed on a vortex for 1 minute and then centrifuged at 430 x g for 3 minutes. The resulting upper layer was discarded and the bottom organic layer was transferred to a crimp-top HPLC vial and 25 μL was injected into the HPLC. Samples were analyzed using a Shimadzu LC 20AT pump, SP DM20A diode array detector, and Sil-10 AF autosampler, with a Zorbax Exlipse XBC-C18 column (5 um x 4.6 mm x 150 mm) (Agilent, Mississauga, ON). Retention time was compared to a canthaxanthin standard (Sigma, Belleforte, PA) and peaks were collected and integrated using Shimadzu's class VP software, EZStart 7.4 SP1 (Shimadzu, Kyoto, Japan).
Total Plasma Antioxidant Capacity Plasma total antioxidant capacity (AOC) was determined using an antioxidant assay kit (Cayman Chemicals, Ann Arbor, MI). The antioxidant capacity of the sample was compared to the antioxidant capacity of Trolox, a watersoluble tocopherol analogue and was quantified as millimolar Trolox equivalents (Koracevic et al., 2001) .
Experiment 2
All experimental procedures were approved by the University of Alberta Animal Care and Use Committee in accordance with the Canadian Council of Animal Care (2009) guide. Single-comb White Leghorn laying hens, 44 weeks of age, were individually housed in battery cages and were fed a nutritionally complete, commercial-type laying hen diet containing either 0 mg/kg CXN (Control), Low (6 mg/kg feed) CXN, or High (12 mg/kg feed) CXN (n = 14 hens/treatment). Feed and water were available ad libitum. Egg samples were taken at days 0, 2, 4, 7, 9, 11, 14, 18, 21, 25, 28, 35, and 40 to determine the kinetics of maternal dietary CXN incorporation into eggs. Whole egg and combined albumen and yolk weights were recorded. Yolk and albumen were homogenized together and a sample was weighed and kept for analysis of CXN content via HPLC. Samples were frozen at −20
• C until HPLC analysis.
Statistical Analysis
Individual hens or chicks were the experimental units. Immune function data were analyzed using Proc Mixed of SAS 9.2 (SAS Institute, 2008) as a 3-way ANOVA with hen age, hen treatment, and chick age as the main effects. Hen and chick production data were analyzed as a 2-way ANOVA with hen age and maternal treatment as the main effects using Proc Mixed of SAS 9.2 (SAS Institute, 2008) . Pairwise comparisons of means were conducted and means were reported as different at P ≤ 0.05. 4 Hatchability expressed as hatch as a percent of eggs set. 5 Calculated from total egg production for each period, and extrapolated based on hatchability determined at Early (31 to 33 wks), Mid (45 to 47 wks), and Late (57 to 59 wks) breeder production phases.
6 Hen ages are defined as production stages. For egg production data, Early = 23 to 33 wks (77 d 
RESULTS AND DISCUSSION
Hen and Egg Production Traits
Hen BW increased as hens aged, and was slightly depressed by CXN across hen ages (Table 2 ). There was a nearly significant interaction between hen age and treatment (P = 0.093) in which CXN supplementation tended to decrease BW relative to Control hens during Mid production; at the Late age, Low hens had the lowest, and Control hens had the greatest BW. Rosa et al. (2012) found no difference in hen BW when CXN was supplemented to breeder diets from 42 to 66 weeks of age. When layer breeders were fed 0, 6 or 60 mg CXN/kg feed, neither BW nor egg production were affected (Weber et al., 2013) . As expected (van Emous et al., 2015) , total egg production ( Table 2) was lower during the Late production period and was greater for the Control and Low hens relative to the High hens. Over the duration of the experiment, the Control and Low hens laid a greater number of total eggs (P < 0.002; Table 2 ) and settable eggs (P = 0.014; Table 2) than the High hens. Supplementation with CXN at 2.1 mg/kg diet increased egg production of brown egg layers relative to supplementation at 1.1 mg/kg and the cornbased control diet (Cho et al., 2013) . The trend for lower BW at the end of production in the Low hens (P = 0.093) may be due to the greater egg production by these birds relative to the High treatment (P < 0.02), and numerically greater egg production relative to the Control hens (69.0 vs. 67.7%, respectively; SEM = 0.86). The greatest number of total and settable eggs were laid during the Mid production period. Lower egg production during the Early phase was associated with the hens coming into production starting at 23 weeks and this period including 84 d of egg production, as compared to 98 d of egg production for each of the other two breeder age categories; low production during the Late phase was due to the expected reduction in egg production associated with increased breeder age.
Hatch Data
Fertility was affected by neither hen age nor the interaction of hen age and dietary treatment (Table 2) . However, there was a nearly significant increase in fertility for hens in the Low CXN dietary treatment group (P = 0.053). Hatchability of fertile eggs was not affected by maternal CXN supplementation (Table 2) . Previously, breeder hens fed 6 mg CXN per kg diet had increased fertility and hatchability of total and fertile eggs and reduced embryonic mortality (Rosa et al., 2012) . Layer breeder hens fed 60 mg/kg of CXN had reduced hatchability relative to hens fed 0 or 6 mg/kg of CXN (Weber et al., 2013) . As expected (Fasenko et al., 1992; Yassin et al., 2008) , hatchability was lower during the Late production phase relative to the Early and Mid phases ( Table 2 ). The reduced hatchability of eggs during the Late phase resulted in lower chick yield during this phase than the Early phase, which was in turn lower than hatchability during the Mid phase. Calculated chick yield was greater for the Low CXN hens than for the Control and High CXN treatments (P < 0.001; Table 2 ). Male chick hatch weight increased as hens aged, but at each of the hen ages, chicks from Low hens had the lowest hatch weight; among the Early hens, the Low chick weights were not different from the Control chicks, but were lower than for the High chicks (P < 0.004; Table 2 ). Female chick hatch weight also increased with hen age, and there were no treatment differences during the Early production phase. At the Mid and Late breeder phases, chicks from the Low hens had lower hatch weight than chicks from the other two maternal dietary treatments ( , and coincides with increases in egg weights. The increase in egg weights with hen age is associated with an increase in the proportion of yolk in the egg (Suarez et al., 1997) . Canthaxanthin supplementation did not affect egg traits (Table 3) . Egg, yolk, albumen and wet shell weights, and % yolk and wet shell weights increased as hens aged, but the % albumen decreased (Table 3) . The smaller chick size from the Low hens (Table 2) is not explained by differences in egg numbers or yolk weights. Contrary to the present results, Rosa et al. (2012) found no difference in chick weight due to maternal supplementation of CXN. However, layer breeders fed 6 mg/kg of CXN laid larger eggs than hens not fed CXN; egg size from hens fed 60 mg/kg CXN were intermediate in size (Weber et al., 2013) . Egg, yolk, albumen and shell weights, and % yolk and shell increased with hen age (Table 3) , but the % albumen decreased with hen age. Increased egg and yolk weight as hens age has been well documented (Ulmer-Franco et al., 2010; Tůmová and Gous, 2012) as has decreased % albumen (Hamidu et al., 2007; Ulmer-Franco et al., 2010) . There was a nearly significant hen age by treatment interaction (P = 0.053), in which % eggshell tended to decrease with increased dietary CXN among eggs from Early and Late hens, but increased with increasing CXN supplementation among Mid hens.
Higher levels of dietary supplementation resulted in greater amounts of CXN being deposited into the egg in Experiment 1, but breeder hen age did not affect egg CXN deposition (Table 3 ). As hypothesized, there appears to be a limit to the rate of CXN incorporation into the egg, since the High hens were fed twice as much CXN, but their eggs contained only 39% more CXN than eggs from the Low hens. Previously, egg content of CXN doubled when feed content of CXN (3, 6, 12, and 24 mg/kg feed) was doubled (Surai et al., 2003) . However, when dietary astaxanthin, a carotenoid pigment similar to CXN, was supplemented to humans at levels of 0, 2, or 8 mg/d, plasma levels did not increase proportionately to dietary astaxanthin (Park et al., 2010) .
In Experiment 2, the deposition rate of CXN into eggs by Single-comb White Leghorn (SCWL) hens reflected the level of dietary supplementation, and by 7 days of supplementation, very little further increase in egg CXN was observed (Figure 1 ). Similar to Experiment 1, doubling the dietary level of CXN resulted in an approximately 20% greater transfer of CXN to the egg. At 40 days of supplementation the CXN content of eggs collected in Experiment 2 were slightly lower than levels observed in eggs from breeder hens Experiment 1 for the respective treatments (Table 3) . Surai et al. (2003) reported that supplementing broiler breeder hens with 6 or 12 mg CXN/kg feed for 35 days resulted in deposition of 14.8 and 28.9 ug/g yolk respectively, which is consistent with the egg content per g of yolk in our study. It is likely that the Ross 308 broiler breeder hens used in Experiment 1 had reached a plateau in CXN deposition prior to the first egg sampling as the hens had been on the experimental diets for seven weeks at that time.
Chick Innate Immune Function
Chick EBC decreased dramatically as hens aged (Table 4) . Decreased innate immune response in chicks as breeder hens age has not previously been reported in the literature. However, Schaefer et al. (2006) reported a similar effect of hen age on progeny inflammatory response in turkey poults from hens aged 33 vs. 55 weeks, although the authors were unable to suggest a mechanism. The current results could be related to incubation conditions and changing egg size with hen age. Decreased incubation temperature reduced E. coli bactericidal capacity of tree swallows (Tachycineta bicolor; Ardia et al., 2010) and increased incubation temperature inhibited the development of the bursa and thymus and reduced numbers of peripheral lymphocytes in broiler chicks (Oznurlu et al., 2010) . Lourens et al. (2006) showed that larger eggs (and therefore embryos) produced greater amounts of metabolic heat and, if incubated under the same conditions as smaller eggs, exhibited a greater embryonic temperature. The eggs in the current research were incubated under the same conditions regardless of egg size or hen age. It is therefore possible that the embryos from Early hens experienced an incubation temperature that was more conducive to the development of the innate immune response than embryos from the other hen ages.
Egg CXN content increased with increasing maternal supplementation level, however the increased availability of CXN to the embryo did not result in a greater innate response, as chicks from Low hens had greater EBC relative to Control and High chicks. Broiler chicks fed 40 mg lutein/kg feed had reduced response to LPS challenge (changes in plasma haptoglobin, Zn, Fe and Cu levels, and BW) compared to non-supplemented chicks . Carotenoid exposure may therefore aid in reducing morbidity and potentially increasing clearance of pathogens, however, different carotenoids may be required in different amounts to achieve this. Ex vivo E. coli bactericidal capacity increased from day one to day four in chicks, indicating the maturation of the immune system. The scarce literature on the maturation of the chick innate immune system focuses on the development of the gut associated lymphoid tissue, but it has been reported that infiltration of functional immune cells into the gastrointestinal tract also increases between 1 and 4 days of age (BarShira et al., 2003; Bar-Shira and Friedman, 2006) . Phagocytosis data from day old chicks from Early hens were lost and therefore not reported, this also affected the statistical analysis and interpretation of the data. Hen CXN supplementation had no effect on phagocytic capacity or phagocyte activation in chicks (Table 4) . Supplementation of 0, 25 or 50 mg lutein/kg diet to Cobb broiler chicks also did not affect macrophage phagocytic capacity at 17 d of age (Selvaraj et al., 2006) . It is therefore possible that the carotenoids studied do not affect phagocytosis, but may influence other innate immune cell functions. Phagocytic capacity and phagocyte activation of chicks was greatest in chicks hatched from Mid hens. Phagocytic capacity did not differ between d 1 chicks and d 4 chicks from Mid hens, whereas it decreased with chicks age in chicks from Late hens (Table 4) . Phagocytic activation increased as chicks aged in chicks from both Mid and Late hens (Table 4 ). The ability of chick phagocytes to engulf E. coli either did not change (Mid) or decreased with chick age (Late), whereas the proportion of cells engulfing at least 1 bacteria increased as chicks aged. This may indicate that there are a greater number of functionally mature phagocytes present in d 4 chicks, and when considered with the EBC results indicate that the chick's innate immune system is maturing during this time (Table 4) . No treatment differences in OB were observed in d 1 chicks from Early or Mid hens, but in chicks from Late hens, Low CXN resulted in the greatest OB (Table 5) . Ex vivo OB did not increase during the course of the assay in chicks from Early hens, but increased with assay time in chicks from Mid and Late hens; the extent of the increase was greatest in chicks from Mid hens. Four-day-old chicks from Early hens had the greatest OB compared to that of d 4 chicks from Mid or Late hens, which did not differ from each other (Table 5 ). In vitro, CXN had the greatest ability to quench reactive oxygen species and inhibit the OB of activated rat peritoneal macrophages relative to bixin, β-carotene, and lutein (Zhao et al., 1998) . Evidence of chick innate immune cell OB inhibition by maternal dietary CXN was not observed in chicks in the current research.
Chick Performance
Hen dietary CXN did not affect chick BW or gain (Table 6 ), although it nearly decreased d 0 BW of chicks from Low hens (P = 0.064). Growth performance of chicks from Chinese Three Yellow broiler breeder hens supplemented with 6 mg/kg CXN also was not affected (Zhang et al., 2011) ; neither was the growth and performance of chicks from Indian River broiler breeders supplemented with 4 mg/kg CXN (Haq et al., 1996) . These studies combined with the current research provide strong evidence that hen-supplemented carotenoids do not affect chick performance. As the chick grows, the maternal carotenoids deposited into the egg would be diluted by new tissue deposition if the chick is not also supplemented. Chick BW at hatch 3 Hen ages are defined as production stages. Early = 31 to 33 wks; Mid = 45 to 47 wks; and Late = 57 to 59 wks. 4 Diets supplemented with 0 (Control), 6 (Low), or 12 (High) mg canthaxanthin/kg diet as Carophyll Red (DSM Nutritional Products, Parsippany, NJ).
5 n = 12 chicks per maternal treatment.
increased as hens aged, and d 7, d 14, and d 21 chick BW were lowest among chicks from Early hens but did not differ between chicks from Mid and Late hens (Table 6) . Similarly, d 7, d 14, and d 21 gain was lowest in chicks from Early hens while not differing between chicks from Mid and Late hens. Chick BW at hatch increased with hen age from 26 to 50 weeks, plateauing thereafter , which agrees with the observations made in the current study.
Research into hen age effects on broiler chicks has largely focused on growth and performance characteristics, and the effects on specific physiological systems such as immunity have largely been ignored. Optimal function of such physiological systems are important to livability and well-being of the bird. First week chick mortality decreased as hens approached 35 weeks of age and then increased slightly to 60 weeks of age (Yassin et al., 2009) , although the reasons for the effect of hen age have not specifically been investigated. Although chicks hatched from 36-and 61-week-old broiler breeder hens were smaller than chicks hatched from 51-weekold hens, they had greater residual yolk sac weights (Latour et al., 1998) , suggesting that chicks from young and old hens are less able to mobilize fat in ovo than chicks from mid-cycle hens. Increased first week mortality among chicks from older hens could also be the result of earlier hatching times of large eggs and increased risk of dehydration from extended periods spent in the hatcher (Suarez et al., 1997) . Ulmer-Franco et al. (2010) observed that eggs from young hens have a lower proportion of yolk and a greater proportion of albumen than eggs from older hens. Although chick hatch weight is proportional to egg weight (Pinchasov, 1991) , a lower proportion of yolk results in a lower amount of yolk fat available to the chick immediately post-hatch (Yadgary et al., 2010) .
CXN was not detected in the liver of chicks at hatch from Control hens at any hen age (Table 7) , but in both the Low and High treatment groups, there was a decline in chick liver CXN at hatch from Early-to Mid-aged hen ages, with no further decline thereafter (Table 7) . This interaction is interesting because egg CXN content was not affected by hen age and may indicate that CXN was being deposited in greater amounts in other chick tissues. Although the effect of hen age was not investigated, Koutsos et al. (2003) found that CXN from the maternal diet was incorporated into the bursa, thymus, skin, and plasma, in addition to the liver. It is also possible that either more egg CXN was being used by embryos from Mid and Late hens than by embryos from Early hens, or that the transfer of CXN across the yolk sac membrane was decreased in embryos from Mid and Late hens relative to Early embryos in the current research. This could be related to embryo size and the subsequent effects of metabolic heat production or thermal stress during incubation.
Larger embryos produce greater amounts of metabolic heat affecting the actual incubation temperature to which they are exposed (Lourens et al., 2006) . Incubating eggs at 43.5
• C resulted in broiler embryos showing signs of heat stress in ovo and weak chicks at hatch (Ande and Wilson, 1981) . To the authors' knowledge there are no published data investigating the relationship between heat stress and oxidative stress in ovo, but exposing White Leghorn cockerels to heat stress resulted in increased oxidative stress (Mujahid et al., 2007) and it is possible that heat-stressed embryos would also experience increased oxidative stress. Eggs in the current study were incubated under the same conditions (37.5
• C and 56% RH) at each of the three hen ages observed, without consideration of egg size and consequently, embryo size and metabolic heat production. It is possible that the embryos from Mid and Late hens in the current research were exposed to greater oxidative stress caused by increased embryonic temperatures than embryos from Early hens. Therefore, CXN could have been consumed as an antioxidant resulting in lower levels of the carotenoid at hatch. The literature on the effects of stress on carotenoid status is limited, but in humans, stress results in a transient decrease in skin carotenoid antioxidants (Darvin et al., 2008) .
Hen and Chick Plasma Total Antioxidant Capacity
Hen plasma total AOC decreased as hens aged from photostimulation to the Mid age and did not change thereafter. Antioxidant enzyme activities (catalase and superoxide dismutase) decreased as rats aged from 6 to 22 months (Valls et al., 2005) . This is an unlikely explanation for our data, as antioxidant enzymes are reportedly not found in plasma, however changes in other plasma antioxidants such as uric acid may also play a role in total AOC (Cohen et al., 2007) . Plasma uric acid concentrations of starved hens were lower than those of fed hens, with the greatest reduction occurring in nonlaying hens (Bell et al., 1959) . As hens age and egg production decreases, and some hens go out of production, plasma uric acid levels might be expected to rise (Sturkie, 1960) . Therefore, broiler breeder feed restriction and hen age may interact to confound the effects of maternal dietary CXN on plasma total AOC. Hen plasma total AOC was not affected by CXN supplementation (Table 8 ). This was very surprising because CXN is a very potent lipid-soluble antioxidant (Rengel et al., 2000 , Chang et al., 2013 , and when 6 mg CXN/kg feed was supplemented to Chinese Three Yellow breeders, the hens had a significantly greater serum antioxidant capacity than non-supplemented hens (Zhang et al., 2011) . The hens in the present study were on a restricted broiler breeder feeding program and were fed only once per day in the morning. Plasma samples were collected prior to their daily feed allocation so a fasting plasma sample was collected. When mice were fasted for 18 hours, levels of various antioxidant enzymes were decreased in comparison to antioxidant enzyme levels of ad libitum fed mice (Di Simplicio et al., 1997) , although no dietary antioxidant was supplemented. Similarly, in pullets fasted for 48 hours total AOC of plasma was reduced (Milinković-Tur et al., 2007) . Furthermore, antioxidant status follows a diurnal pattern, peaking during the dark period in chicks (Albarrán et al., 2001 ). The fasting state and diurnal patterns could explain the lack of differences in plasma antioxidant status observed between treatments.
A 3-way interaction between hen age, treatment and chick age on chick plasma total AOC was observed ( Figure 2 ). As chicks from Early hens aged, the chick AOC increased among chicks from Control and Low hens, but remained constant in chicks from High hens. Overall chick AOC remained constant as chicks from Mid hens aged, but AOC of chicks from Control and High hens peaked at d 14 and d 7 respectively before decreasing to d 0 levels; AOC of chicks from Low hens at Mid production remained constant across chick age. Among chicks from Late hens, chick AOC decreased as chicks aged, although the pattern of decrease differed by maternal treatment. Antioxidant capacity of chicks from Control hens at Late production was constant from d 0 to d 14 and then decreased to d 21. Plasma total antioxidant capacity of chicks from Low hens at Late production decreased from d 0 to d 7 and then remained constant; while that of chicks from High hens at Late production steadily declined as chicks aged. These observations were unexpected as chicks were not subjected to further dietary treatment, and may reflect changes in plasma antioxidant molecule concentrations. Plasma uric acid is highly correlated (r = 0.8) with plasma total antioxidant capacity in birds and is considered an important plasma antioxidant molecule (Cohen et al., 2007) ; thus any changes in uric acid concentration may have been reflected in the total AOC in this study.
Chick AOC after d 0 was not expected to be affected by maternal CXN because of depletion and dilution of maternal CXN as the chicks grew. However it was expected that as maternal CXN level increased, d 0 AOC would also increase. Day 0 AOC of chicks from Early hens was not affected by maternal CXN supplementation, but increased with increasing level of maternal CXN supplementation among chicks from Mid and Late hens. Broiler breeder supplementation of 6 or 12 mg CXN /kg diet reduced the lipid oxidation product malondialdehyde in d 1 chick livers (Surai et al., 2003) ; supplementation of 6 mg/kg CXN in the breeder diet reduced yolk thiobarbirturic acid-reactive substances after 4 d of storage and 7 d of incubation (Rosa et al., 2012) . Further, when Chinese Three Yellow broiler breeder hens were supplemented with 6 mg/kg CXN, the resulting chicks had lower serum malondialdehyde levels at one and seven days of age, and greater superoxide dismutase activity at one day of age (Zhang et al., 2011) . Total antioxidant capacity was unaffected by chick age among chicks from nonsupplemented and 6 mg/kg CXN supplemented hens (Zhang et al., 2011) . However, the published literature does not account for the effect of hen age in addition to hen supplemented CXN. The current research indicates that hen age affects the influence of maternal dietary CXN on chick AOC post-hatch. In future studies, inclusion of plasma uric acid, other plasma antioxidants, and oxidative products would allow for a more accurate understanding of the chick's antioxidant status as it ages from d 0 to d 21.
In conclusion, hen dietary CXN decreased hen BW, although the Low diet increased settable egg production and as hypothesized, the higher level of supplementation resulted in a greater amount of CXN being deposited into the egg and chick liver. Hen plasma total antioxidant capacity was not affected by CXN supplementation nor did it affect hatchability, or chick performance.
As hypothesized, chicks from hens supplemented with 6 mg CXN/kg diet had a more robust early innate immune response than chicks from non-supplemented hens. However, increasing maternal diet CXN to 12 mg/kg diet did not further increase chick innate immune function as chicks from Low hens had the greatest EBC and d 1 OB. Chicks from older hens had a less robust immune response as indicated by EBC, which could be related to possible increased embryonic temperatures due to increased embryonic metabolism. Chick innate immune function increased as chicks aged, indicating that the innate immune system was maturing during the first four days of life. Chick d 0 plasma total antioxidant capacity increased with increasing dietary level of CXN in chicks from Mid and Late hens. The profile of chick plasma total antioxidant capacity as chicks aged differed by hen age and treatment, but the reason why is unclear. The current data support that CXN is immuno-modulatory and suggest that hen age affects chick innate immune function and chick plasma total antioxidant capacity.
